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Abstract

In this work manganese oxide films were obtained by electrodeposition and their
electrochemical and mass transfer processes in aqueous zinc-ion battery electrolyte were studied
by cyclic voltammetry and electrochemical quartz crystal microbalance (EQCM). Cyclic
voltammograms and corresponding mass variation curves of manganese oxide during charge-
discharge processes were examined simultaneously on Au-coated quartz crystal electrodes. The
investigations were conducted in aqueous electrolytes of different composition (2 M ZnSO4 and
2 M ZnSO4 + 0.1 M MnSOs). Monitoring of electrode mass variation during potential cycling
provides direct evidence that redox processes in MnO» electrodes co-occur with intercalation of
protons and zinc ions. Combined CV and EQCM studies reveal that electrodeposited films of
MnO; are unstable in 2 M ZnSOq electrolyte. The repeated potential cycling in Zn-containing
electrolytes leads to rapid deterioration of electrode capacity in the few initial cycles due to the
Zn*" insertion into subsurface structures of MnQO2 and blocking of electroactivity of MnO> film on
Au substrate. On the other hand, reversible processes of intercalation of protons and zinc ions
occur in 2 M ZnSO4 + 0.1 M MnSOy electrolyte. Two main steps of mass increase during the
discharging process, taking place at 1.4 V (vs. Zn/Zn*") and in the potential range (1.3-1.0) V were
demonstrated by EQCM. The first step of mass increase is mainly related to the intercalation of
H" (as H3O"), whereas the second step of mass increase is mainly associated with formation of

surface compounds like zinc sulfate hydroxide salts.
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1. Introduction

Lithium-ion batteries are the most effective power sources in our life. However, the
increasing demands in large-scale application of lithium-ion batteries, especially for growing area
of vehicles and power grids, are limited by lithium natural resources and relatively high cost of

lithium [1,2]. Therefore, modern research trends focus on the development of novel multivalent-
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ion batteries, of which aqueous zinc-ion batteries (AZIBs) are especially interesting. Despite more
limited energy density and capacitive properties due to narrow electrochemical window of water-
based electrolytes, aqueous zinc-ion batteries are interesting alternative power sources due to their
low cost, nontoxicity, and relative abundance of the required materials [3—8].

The application of Zn anodes allows to reach high capacity (theoretical value 820 mAh g™!)
due to reversible processes in Zn/Zn** system possessing low oxidation potential (-0.762 V vs.
SHE) [6]. Among electrode materials proposed as cathode materials for AZIBs, manganese
oxides-based materials of different structures (including a-MnO»[9-14], B-MnO» [15,16], -MnO>
[17,18], and 6-MnO; [14,19-22]), and morphologies obtained using various synthesis approaches
were objects of intense investigations in the latest decades. MnO» is an attractive material due to
its high specific capacity (308 mA h g! based on a one-electron redox process Mn*"/Mn>") and
moderate discharge potential (+1.35 V), appropriate for practical purposes [5,23-26].

However, structural instability of electrode materials based on manganese oxides and the
gradual dissolution of Mn** ions in aqueous electrolytes still remain unresolved issues, resulting
in capacity fading and are the main challenges of these cathodes. The structural transformation of
manganese oxides of different crystallographic polymorphs originates from the diversity of
chemical bonding of structural octahedral MnOs units linked via edges and/or corners, giving
different tunnel-type, layered-type, and spinel-type structures. Previous research has established
that all these initially synthesized polymorphs gradually transform during charge-discharge
cycling into forms that are more favorable for Zn intercalation, mostly into a Zn-buserite phase
with large interlayer spacing, or spinel ZnMn,O4 phase as reported in [11,12,18,22,27,28]. Such
observations were made from the first CV cycle with corresponding transformations of its shape,
and it is also evident from detailed characterization of phases by in situ and ex situ XRD, XPS and
other methods.

Based on the claims that one of the main reasons of capacity fading is the dissolution of
Mn?" ions from cathode, the additive of manganese(Il) salts in the aqueous electrolyte was
proposed [13]. Such additives turned out to be highly effective in improving the cycle performance
of Mn-based cathodes and the use of Mn?" additive in electrolytes has become a widespread
approach in investigations of electrochemical performance of Zn/MnO> batteries [19-21,28-32].

More detailed investigations did not confirm the common opinion that Mn?" additive in the
aqueous Zn battery electrolyte could suppress manganese dissolution from MnO, cathode. It was
suggested that the positive role of additive is more complex and includes the formation of a new
phase of MnOx from Mn?* upon electrooxidation during charge cycles [20,28-30].

Regardless of the difference in the interpretation of the function and mechanism of the
influence of the Mn?* additive, it indeed improves the reversibility of Zn ion intercalation, leading
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to more effective electrochemical performance of Zn/MnQO; systems, as it was reported in recent
papers [20,21,30,33].

However, despite abundance of published papers on electrode materials for AZIBs and
many efforts achieved in understanding of charge storage by different approaches, the detailed
mechanism of charge storage in Zn-containing electrolytes is still debated. Different concepts were
proposed as possible mechanisms [4,5,13,21,29].

Two main issues related to electrochemical performance of Zn/MnO: systems are still
debated: a) concurrent intercalation of Zn** and H' ions into the host electrode, and b) the
mechanism of electrode reactions with conversion of synthesized or deposited MnO, structures
into compounds that are more effective for reversible Zn*" intercalation [3,6,28,29].

The participation of different cations (H"/Zn*" insertion) and formation of new phases are
widely confirmed by in situ and ex situ XRD, XPS and other structure-sensitive methods.
Moreover, along with these intercalation reactions of H" and Zn?" insertion into manganese oxide,
the redox process is also accompanied by formation of zinc sulfate hydroxide hydrate phase
Zn4(OH)sSO4xH20 (ZHS) as a solid byproduct precipitate on electrode surface due to local pH
variation [29,34-37]. An earlier study [37] also reported Mn(OH), formation below 1.2V,
followed by formation of soluble Mn?*, though later papers investigating systems with mild
electrolytes have not presented such notion.

Along with these powerful structural methods, the EQCM method of investigation of mass
transfer processes could also be useful for insertion-type electrodes. This in situ technique can
provide precise data on mass change during electrode processes.

EQCM study of MnO; electrochemical deposition on Au electrodes and electrode
processes were earlier investigated in several works [17,38—41]. The electrochemical behavior of
manganese oxide electrodeposited at 1.0 V (SCE) on the gold-sputtered quartz electrode and the
corresponding mass variation were investigated in neutral electrolytes containing 10 mM NaSO4
both with and without NaHCO3 or Na,HPOys in [38]. For instance, the formation of a passive salt
film on the manganese oxide surface has been reported, which hinders the dissolution of
manganese oxides [38].

The results of EQCM investigations in electrolytes containing Mn?* salts and multivalent
cations (Na*, Mg?*, La*") are reported in [39]. The magnitude of mass variation was found to be
approximately proportional to atomic weight of cations and dissolution of MnO> was relatively
negligible. However, these investigations were conducted at relatively high scan rates (5-25 mV s
1) and aimed at the characterization of MnO; as a pseudocapacitive material, where the reversible

adsorption/desorption of cations mainly takes place.
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EQCM investigations mentioned above confirm that the overall electrode reaction of MnO»
electrodeposition due to Mn?" ions oxidation to MnO> from different electrolytes occurs according
to the equation:

Mn?" + 2H,0 — MnO; + 4H" + 2¢° (1)

The redox process of Mn*"/Mn** in different electrolytes is also commonly described
[38,39] by the equation (2):

MnO; + H" + e2 MnOOH (2)

The EQCM study of electrode processes of composite electrode material for AZIBs based
on MnO; pre-intercalated with alkali ions (Ko27MnO; - 0.54H>0 and Nao.ssMnO>-1.5H>0) with
addition of carbon black and PTFE binder was recently reported [36]. Along with operando X-ray
diffraction techniques, it allowed the authors to confirm that the charge storage process for the
studied Zn/MnQO; system is dominated by the (de)intercalation of H3O" with further dissolution-
precipitation of Zn4(OH)e(SO4)-5H>0 solid product on the electrode surface during cycling.

The aim of this work is the study of the electrochemical and mass transfer processes in
electrochemically deposited MnO: electrodes as binder-free cathodes for Zn-ion batteries in Zn**
—and Zn?"/Mn?'- containing electrolytes. To the best of our knowledge, the EQCM measurements
of mass transfer processes have not been reported for MnO;-electrodeposited electrodes in 2 M
ZnS04+ 0.1 M MnSO4 aqueous electrolyte widely used in aqueous Zn-ion battery electrodes. This
approach to investigation of charge-storage mechanism in AZIBs provides direct evidence of mass
transfer processes and evaluation of contribution of mass transfer into overall electrode process,
as well as identifies the mass input of proton and Zn-ion intercalation, and conversion reactions.
The findings should make an important contribution to understanding of electrochemical

performance of Mn-based aqueous Zn-ion batteries.

2. Experimental

2.1. Reagents and materials

Manganese sulfate (MnSO4), manganese acetate Mn(CH3COOQ), and zinc sulfate (ZnSO4)
of analytical grade were obtained from Neva Reactive Co., Russia. Aqueous solutions were
prepared on deionized water of resistivity not less than 18 MQ, obtained by means of Millipore
Direct-Q UV (Millipore Corp., USA) water purification system. Zinc foil (99.99%) was from
Shanghai Metal Corp., China.

2.2. Electrochemical and EQCM measurements

All electrochemical studies were conducted in three-electrode electrochemical cells at

room temperature (20 + 2 °C) using a PGSTAT302N potentiostat/galvanostat (Metrohm Autolab,
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The Netherlands) with Nova 2.1.5 software. For EQCM experiments the potentiostat was
interfaced with a QCM200 instrument (Stanford Research Systems, USA).

The working electrodes for EQCM measurements were standard AT-cut quartz crystals
with gold-coated working area, 1 inch diameter (Stanford Research Systems, USA), with a 5 MHz
resonance frequency and the sensitivity factor C¢= 56.6 Hz cm? pg ™!, further denoted as “Au-
quartz crystals”.

The behavior of MnO» deposits as acoustically rigid films, necessary for the accuracy of
the Sauerbrey equation for the determination of mass changes, was monitored by recording
parameter V. (the conductance signal is related to the series resonance resistance of the quartz

crystal via (3) [42]).

R, =10000-10 /s —75 3)

The data on the change of frequency as a function of potential were converted into mass
changes vs. potential or vs. charge in accord with the Sauerbrey equation:

Af=-CyAm, 4)

where Af is the frequency variation (Hz), Cr= 56.6 Hz cm? g'! is the sensitivity factor of
the crystal, Am is the mass change (ug cm™).

Two types of EQCM experiments were conducted:

1) Cycling of a pristine Au-quartz crystal electrode in the solution that contained both
ZnS0O4 and MnSO4 with the study of electrodeposition of MnO; during this process.

2) Cycling of the preliminarily deposited (from Mn(CH3COO)2) MnO; on an Au-quartz
crystal electrode in either the electrolyte containing both ZnSO4 and MnSOs4, or containing only
ZnSOg4.

Electrochemical deposition of MnO; was conducted using a Pt wire auxiliary electrode and
Ag/AgCl reference electrode. The cyclic voltammetry experiments were conducted using Zn
auxiliary and reference electrodes. All potentials are given versus Zn/Zn>* reference electrode
(-0.762 V vs. SHE).

2.3. Electrochemical synthesis

Manganese oxide was deposited onto Au-quartz electrodes in potentiostatic conditions
(E=1.0V) from an 0.1 M Mn(CH3COO), aqueous solution (pH = 4.5) according to the modified
procedure described in [38].

The deposition time was varied within (30-100)s. The active electrode mass was
determined by Faraday’s law and by direct measurement using EQCM. After synthesis, the
electrodes were washed with deionized water and dried in electric oven with stepwise increasing
temperature from ambient to 200 °C for 5 hours.

2.4. Structure and surface characterization
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The X-ray diffraction (XRD) patterns of MnO; films were acquired on a Bruker AXS D2
Phaser X-ray diffractometer (Bruker GmbH, Germany) with Cu Ko radiation
(MCuKo1)=1.54059 A, M(CuKay) = 1.54443 A) in the 10°<20<90°range. Phase identification was
performed with a PDXL2 (Rigaku) software using ICDD PDF-2 Powder Diffraction File database.

The morphology of MnO> films was characterized by using scanning electron microscopy
(SEM) at accelerating voltage of 20 kV (SUPRA 40VP, Carl Zeiss, Germany). EDX analysis was

performed with an energy-dispersive X-ray spectrometer X-act (Oxford Instruments, UK).

3. Results and discussion

3.1. Electrodeposition of manganese oxide

Fig.1 shows the Am-Q curve of the MnQO; electrodeposition process on an Au-quartz
electrode from the 0.1 M Mn(CH3COOQ); solution at 1.0 V. The mass change was calculated from
the frequency shift according to Sauerbrey equation.

As seen from Fig. 1, the mass—time curve for the deposition process was linear, so the rate
of MnO; deposition was constant, and the mass change of electrodeposited MnO> was almost
proportional to charge of synthesis. This agrees with data reported in the literature [38] and

indirectly confirms formation of acoustically rigid film at these conditions.
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Fig.1. Mass change during deposition of MnO: on an Au-quartz crystal, E= 1.0V, t = 100 s.

The electrodeposition of MnO, from mild acidic Mn?"-containing solutions (pH 4.5) can
proceed in accord with following overall oxidation reaction [38,39]:

Mn?" + 2H,0 = MnO; + 4H" + 2¢~ (5)

The electrodeposited MnO: electrodes showed good reproducibility of CV shapes and
consumed electrical charges at cycling.

3.2. Structural characterizations of electrodeposited MnO:
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The structure of the preliminarily electrodeposited MnO; films was identified by X-ray
diffraction (XRD) analysis (Fig.2). As follows from the XRD pattern of electrodeposited MnO»,
the most intensive diffraction peaks can be well indexed to manganese oxide hydrate with formula

Mn;013-5H20 (ICDD card 00-023-1239) and orthorhombic crystal lattice.
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Fig. 2. XRD pattern of electrodeposited MnQ;. Deposition time: 200 s.

The initial surface morphology of MnO; thin films was investigated by scanning electron
microscopy (Fig.3a,b,c). SEM images at low magnification show that MnO; films with grainy
globular structure (Fig.3 a,b) uniformly cover the electrode surface, the average size of globular
domains is about (1-2) um. Images with higher magnification show that MnO- globules consist of
randomly oriented nanowires with diameters about (10-20) nm and length (50-100) nm (Fig.3c).
So, the nanowires form a three-dimensional network which can facilitate electrolyte penetration.

Similar SEM images of electrodeposited MnO> on an Au surface with nanowires forming
a three-dimensional (3D) network have been previously reported [38,40].

As a consequence of porous nature of MnO> layer on the electrode surface, keeping the
electrode in air and its gradual drying before ex situ SEM measurements caused some cracks of
the film. The EDX analysis (Fig. S1, S2) of the films revealed the presence of oxygen and

manganese in a 1.63 O to 1 Mn average atomic ratio (Table S1).
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100 nm

Fig.3. SEM images of MnO: films at different magnifications.

Cyclic voltammetry of MnO; electrodeposited on Au-quartz electrodes was performed in
1.0-1.8 V (vs. Zn/Zn*") potentials range in 2 M ZnSO4 + 0.1 M MnSOs aqueous electrolyte
(pH 4.5), widely used in Zn-ion batteries with manganese oxide-based cathodes [11-14,18,20,22].
The evolution of CVs recorded during electrodeposition of MnO> on the electrode during

subsequent charge—discharge processes in the presence of Mn?" ions in solution is shown in Fig.4.
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Fig.4. Evolution of CVs of Au/MnQO:; electrode during cycling in 2 M ZnSO4 + 0.1 M MnSO;
electrolyte. The first positive scan starts from E=1.5 V.

The anodic peak appearing at 1.6 V in the initial cycles corresponds to oxidation of Mn?*
to MnO> and deposition of newly formed layers onto the electrode surface. At the negative scan
there are two initial reduction peaks, that in accord with literature data are usually associated with
Mn**/Mn*" redox process with consecutive intercalation of protons (at 1.38 V) and zinc ions,
or/and ZHS precipitation (at 1.18 V) [13,29,34,35,40]. The anodic peak gradually transforms into
two unresolved peaks and both of them shift to more positive potentials in subsequent cycles.
These two poorly resolved peaks (at potentials approx. 1.5 V and 1.6 V) correspond to extraction
of counter-ions and oxidation of Mn?" ions, respectively. Both cathodic and anodic peaks regularly
increase with the number of cycles, indicating the progressive electrodeposition of MnO, with a
slowdown in current growth per cycle. This is a typical electrochemical behavior of MnO»-based
electrodes, and these results are qualitatively well-consistent with the data available in the
literature for many other structural types of MnO», according to which MnO> structures are
transformed during the first redox cycle.

During the charge process (positive scan) of electrodes with relatively thick MnO films
two main possible mass transfer processes may proceed: extraction of counter-ions from the MnO»
crystal lattice and deposition of new layers of MnO» on electrode. Both these processes occur at
almost the same potential. The extraction of counter ions (at 1.55 V) precedes deposition of new
phase layer of MnO; (at 1.62 V).

The frequency and corresponding mass variation during potential cycling of Au/MnO,
electrode in Mn?"-containing electrolyte are shown in Fig.5 for five initial cycles for more

convenient data presentation. We can see gradual decrease of frequency of an Au-quartz crystal
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electrode oscillations with the number of cycles which clearly indicates the general increase of
electrode mass cycle by cycle, which is attributed to the formation of electrodeposited MnO- layers
(Fig.5a). The typical patterns of mass variations were well reproducible in parallel experiments
suggesting the reversible intercalation/deintercalation processes.

The Am—FE profiles calculated from initial raw Af~E data using Sauerbrey equation are
displayed in Fig.5b. The magnitude of the sharpest mass steps at 1.55 V in the positive scan and
at 1.2 V in the negative scan increased with the number of cycles, i.e., with the increase of total

mass of MnO» deposit.
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Fig.5. EQCM studies of Au/MnQ: electrode during potential cycling in 2 M ZnSO4 + 0.1 M
MnSOy electrolyte: a — frequency variation vs. potential, b — mass variation vs. potential, ¢ — selected CV
and Am-E cycle (the 3™ cycles), d — the mass-charge dependence of Au/MnO; electrode for the negative
scan in 2 M ZnSOy4 + 0.1 M MnSOy electrolyte (based on data of Fig. 5c).

Fig.5c displays selected voltammetric cycle (3™) and corresponding mass variation vs.
potential for more close visual inspection of the shape of Am—F profile. The starting points 4 and
A’ for mass change cycle and CV cycle, respectively, are marked on the curves, and the directions
of potential scan and the mass variation vs. potential are shown on the curves by arrows.

Starting from the point A moving to the point B we see the sharp decrease of the electrode

mass due to extraction of protons and dissolution of zinc precipitates, which formed during the
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previous negative scan, from the MnO; electrode. This process of extraction of protons and
dissolution of zinc precipitates (at 1.55 V) agrees with the sharp first CV peak of oxidation. It is
followed by a small increase of electrode mass at the B-C segment (1.58—1.8 V), which may
originate not only from dominant process of electrodeposition of manganese oxide but also from
the ongoing A-B process related to extraction of counter-ions.

When the scan is reversed to the negative direction, in the potential range (1.8-1.25) V, a
slight mass gain is observed (C-D segment) due to H" insertion, followed by a sharp mass gain in
the D-E segment of the curve (1.25 V to 1.01 V) probably due to the process of intercalation of
Zn*" ions and/or precipitation of insoluble byproducts like ZHS on manganese oxide particles and
in the porous space between the grains. The latter process is more favorable due to further gradual
increase of the pH value of the electrolyte in the vicinity of the electrode surface, which is
associated with H' insertion process and the disproportion of unstable Mn*" ions formed during
partial dissolution of manganese oxide as reported in [34,36]. This conclusion will be supported
by further analysis of mass — charge dependence in Fig.5d. The formation of ZHS surface
compound may act as a kind of SEI layer counteracting the phase transition of initial MnO> into
Zn-containing phase. As it was reported earlier [20], such phase transformation of MnQO; into Zn-
containing phases (like ZnxMn»Os4) is considered as the main cause of capacity fading.

When the scan is reversed to the positive direction (E-F segment), a slight mass gain still
occurs in the (1.0-1.2) V potential range due to ongoing chemical precipitation of ZHS. Thus, the
reversible processes of mass changes taking place in MnO» films are related to mass increase due
to H" insertion and formation of surface compounds like zinc sulfate hydroxide salts on the
negative scan, whereas on the positive scan the decrease of mass takes place due to ions de-
intercalation together with dissolution of ZHS at pH decrease near the electrode surface.

In addition, it should be noted that a small mass step (increase) takes place at potentials
around 1.4 V at the H" insertion, which is more visible in the last cycle, where the magnitude of
mass change is higher (see Fig. 5b, cycle 5).

The mass—charge dependence for Au/MnO; electrode was calculated for the selected 3™
cycle of Fig.5c. Figure 5d shows two characteristic regions of the electrode mass change vs. the
charge during the negative scan: I — a gently sloping region with average apparent molar mass of
moving species Mapy=8 g mol™!, which most likely corresponds to the intercalation of protons, and
II — a short steep mass change, corresponding to the average value of apparent molar mass of
transferred particles Mapp=1144 g mol™. This mass change is much higher than the molar mass of
zinc ions expected in the case of conventional Zn?" intercalation and it could be mainly associated

with the chemical deposition of ZHS due to pH increase.
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Fig. 6a,b shows the first 3 cycles of CV and 4f~F curves of Au/MnO; electrode for pure
ZnSO4 electrolyte. MnOz electrode shows two peaks (at 1.38 V and 1.5 V) only in the first negative
scan. The dramatic fading of capacity proceeds in the following cycles, and all anodic and cathodic
peaks almost disappear (Fig. 6a). This result clearly demonstrates that zinc ions cannot be
reversibly inserted into crystal lattice of preliminarily prepared MnO- layer. The corresponding
Af~E curves (Fig. 6b) in the first scan display a small step of frequency change at 1.4 V which
probably corresponds to intercalation of protons with minor change of mass and a huge drop of
frequency (increase of mass) at potentials below 1.2 V, related to the dominating process of ZHS
precipitation. The analysis of the mass—charge dependence for the first negative cycle is shown in
Fig. S3. In the following 2-3 cycles the frequency goes down slower, indicating continued increase
of electrode mass in the (1.0-1.4) V range of potentials (Fig. 6b).

We can exclude the de-attachment of MnO, from substrate as a consequence of Zn**
intercalation, because in this case the decrease of mass would be expected.

So, in pure ZnSO4 electrolyte we have an opposite case of electrode behavior in comparison
to the electrolyte with Mn?* additives. We do not see reversible mass change observed in the case
of mixed Mn**-Zn?" containing electrolyte and the decrease of electrode mass at positive scan
around 1.55-1.6 V, which was mainly related to the dissolution of ZHS precipitate. Instead of
gradual conversion in mixed electrolyte, the fast decrease of electrode capacity and irreversible
increase of electrode mass takes place in the electrolyte without Mn*" additive.

However, based on the data obtained, we cannot specify the exact cause of such an
irreversible change in mass. Two main causes could be assumed: 1) the irreversible mass change
takes place at the fast blocking of the electroactivity of initial MnO: film on the electrode by
trapped/adsorbed Zn?" ions into crystal lattice; ii) the irreversible precipitation of insulating ZHS
takes place. The conclusion on the precipitation of ZHS is supported by estimated apparent molar
mass of about 814 gmol! for first cycle in potential region below 1.3 V (see Fig.S3). The
precipitation of ZHS will probably mask the possible contribution of Zn?" intercalation in the

overall mass change, therefore, it is hard to confirm the latter process.
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Fig.6. a — cyclic voltammograms, b — frequency variation of Au/MnQ: electrode during potential
cycling in2 M ZnSQOy electrolyte. The first positive scan starts from E=1.5 V.

To understand further the processes proceeding at the electrodeposition of MnO» from Zn-
ion battery aqueous electrolyte with Mn?* additive, the CV measurements and simultaneous
monitoring of mass changes by EQCM were conducted on a bare Au-quartz electrode without
preliminary electrodeposited MnO,. We have tested the case of electrode processes proceeding in
battery electrolyte with Mn** additive, where newly formed MnO: structures are deposited on the
surface of the electrode upon cycling, which in most cases were identified as e-MnQO»> structures
forming in situ on the electrode surface [20,28,30,33].

In this case, development of the shape of CVs with cycle number was similar. In Fig.7a,
the first CV cycle shows typical electrochemical behavior of MnOx with only one cathodic peak
centered at 1.37 V and one anodic peak at 1.58 V. With prolonged cycling, the second cathodic
peak appears at 1.07 V and the complex anodic peak shifts to more positive potentials. With an
increase of the cycle number, the increase in current gradually slows down due to the increase of
MnO, thickness and its resistance (Fig. 7a).

Fig.7b shows the dependence of the frequency shift of quartz electrode vs. potential,
recorded simultaneously with cyclic voltammograms. The constant shift of frequency of an Au-
quartz electrode with number of cycles clearly indicates the general increase of electrode mass
cycle by cycle due to the formation of electrodeposited MnO» layers. The magnitude of most sharp
mass steps at 1.55 V in the positive scan and at 1.2 V in the negative scan also increases with the
number of cycles, i.e., with the increase of mass of MnO:z deposit. In the beginning of cycling and

during prolonged cycling, the patterns of mass variation vs. potential are different (Fig. 7c).
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Fig.7. a—evolution of CVs of a pristine Au-quartz electrode, b — frequency variation and ¢ — mass
variation during cycling in 2 M ZnSO4 + 0.1 M MnSQOy electrolyte.

To follow the peculiarities of mass variation at the beginning of electrodeposition process
and at prolonged cycling more precisely, in Fig.8a,b we present selected Am—FE profiles, calculated
from raw Af~F data. In contrast to the aforementioned case (Fig.5a), different A/~FE profiles are
observed for initial (2-5) and higher cycle numbers (10-15).

First, let us consider the case in Fig. 8a, where mass variation with potential is simple. If
we start from the point 4 by positive scan to the point B (see e.g., cycle 5), we can see the increase
of electrode mass at potentials above 1.6V, resulting from the dominant process of
electrodeposition of MnO> on the electrode surface. Although the scan reverses to negative
direction, in the (1.8-1.7) V potential range the mass gain proceeds due to continued
electrodeposition process. Then, as the back scan continues, below 1.5 V (segment C-D) a gradual
small decrease of mass takes place probably due to partial dissolution of MnO».

Obviously, for thicker MnO»> films, with increase of number of cycles the mass loss from
expelling of counter ions is getting more significant than the mass gain due to additional MnO>
deposition (Fig.8b).

Fig.8c displays the representative Am—FE profile and simultaneous CV cycle for closer

visual inspection of the shapes of Am—FE profiles for higher cycle numbers. As seen from the data
14
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presented in Fig.8c, the typical shapes of Am—FE profile of a pristine Au-quartz electrode maintained
during potential cycling are close to the ones of Au/MnQO; electrodes, indicating similar mass
transfer processes taking place in pre-deposited MnO> films and MnO»> films formed from battery
electrolyte.

For simplicity of discussion of the most interesting typical case of Am—FE profile (Fig.8c),
we have also divided it into several characteristic regions for positive and negative CV branches.
The points on the selected profile allow to follow the stepwise change of mass at different
potentials. In the positive scan starting from the point 4 to the point B, we can see a sharp loss of
mass in the narrow potential range of (1.55—-1.58) V, which occurs due to predominant oxidation
process with extraction of counter-ions and dissolution of ZHS precipitate from the electrode.
Then, a gradual increase of electrode mass (segment B-C) occurs at potentials higher than 1.6 V
due to the newly electrodeposited layers of MnO, on the electrode surface from the Mn**-
containing electrolyte.

On the negative scan, in the range between the points D and E, a mass step at 1.38 V takes
place, which we ascribe to a low-mass charge carrier intercalation (H") at the Mn*"/Mn** redox
transition during cycling with the formation of MnOOH as the main solid product on the electrode.
Then, at the transition from the point E to the point F, a more significant step of mass increase
related to precipitation of ZHS takes place. After the reverse of potential scan direction from 1.0 V
to more positive values (segment F-G) a well-pronounced step of mass increase is likely related
to the ongoing chemical precipitation of ZHS on the electrode surface (up to 1.2 V). This pattern
of mass change vs. potential (Fig.8c) is quite repetitive at the displayed cycles with increase of
magnitude of mass/frequency changes from cycle to cycle caused by continuous increase of the
deposit mass. The reproducibility of CVs and mass variation suggests reversible charge-discharge

Processes.
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Fig.8. Am—E curves of uncoated Au-quartz electrode during potential cycling in 2 M ZnSOy +
0.1 M MnSOjy electrolyte: a — five initial cycles, b — 10" -15" cycles, ¢ — detailed view of the 13" CV cycle.

The mass—charge (Am—Q) curve (Fig. 9) was plotted based of data of Fig.7. Two easily
distinguishable types of patterns of electrode mass changes with monotonic almost linear change
of electrode mass with charge were observed for the regions I and 1. These data allow to estimate

the apparent molecular mass of the transferred species at the electrode process in accord with

Mapp = ZF(dAm/dQ),

where Q is the coulombic charge measured (mC), dAm is the electrode mass change (pg),

F is the Faraday’s constant (96485 C mol™') and z is the number of electrons exchanged in the

redox reaction.
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Fig.9. The mass — charge dependence of uncoated Au-quartz electrode for several negative scans
in 2 M ZnSOy + 0.1 M MnSOy electrolyte (based on data of Fig. 7).

It should be noted here that in this case the values of apparent molar mass of transferred
species might be only tentative due to complex nature of mass changes in the system and
contribution from solvent molecules to the overall mass transport process. Therefore, the
calculations of exact molar masses should be approached with caution. Nevertheless, analysis of
Am—Q plots for separate cycles (Fig. 9) was performed, which allowed to estimate the average
apparent molar mass (Mapp) of moving species. The analysis of Am—Q plots reveals the drastic
change of My, values for different potential regions (Fig.9, regions I and I7). It was found that the
values of Maypp vary in the range of (11-29) g mol™! for region I and in the range of (900
1600) g mol™! for region II, respectively.

This result suggests that the redox transition in the potential region (1.8-1.3) V mainly
involves intercalation of H (probably as H3O" with co-intercalation of water molecules), which is
in general agreement with the literature data. In the potential region (1.3—1.0) V formally
calculated values of Mayp, were much higher, reaching values of (900—1600) g mol™!. Similar values
of M.pp were obtained from analysis of data of Fig. 5 in the case of preliminary electrodeposited
MnO; film on the electrode. The obtained values are much higher than the molar mass of zinc
ions, which could be assumed to be the possible moving species in the case of conventional
intercalation process. This result can be interpreted by considering an additional chemical
precipitation of surface compounds like zinc sulfate hydroxide Zn4(OH)sSO4xH2O during
discharge process at potentials lower than 1.2 V which were recently proposed as byproducts
[13,24,30,36,43]. It is reasonable to assume the formation and dissolution of surface compounds
such as ZHS, because the appearance of such products in the potential region (1.0-1.3) V was

reliably confirmed earlier by different in situ structural methods [24,30].
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It is also worth noting that the precipitation/dissolution process of Zn4s(OH)sSO4xH>0
taking place during consecutive cycles is reversible, as was directly confirmed by mass monitoring
in our study of electrodeposited MnO>. These data are in good agreement with EQCM results,
obtained earlier by EQCM study for composite electrode based on MnO; pre-intercalated with
alkali ions (Ko27MnO,-0.54 H>O and NagssMnO,-1.5 H>O) with addition of carbon black and
PTFE binder [36]. During the charging process the electrode mass is partly recovered by sharp
decrease at 1.6 V, which indicates that these surface deposits are leaving the electrode at the
positive scan due to the local pH changes at electrode/electrolyte interface as reported in
[13,24,30,34,36,43].

The results of this work support the conclusions made in some recently published papers
[13,20,34,36,43], that instead of commonly considered conventional Zn" intercalation processes,
the reversible process with H' insertion and accompanying formation of zinc sulfate hydroxide on
the surface and in porous spaces of electrode takes place.

Based on the patterns of behavior of such redox systems, it is likely that the electrochemical
and mass transfer behavior of the Zn/MnQO, system will be also significantly dependent on the
thickness of electrodes (amount of MnQ»), electrolyte pH values and their buffer properties.

As follows from the discussion of results, in general, Am—E dependencies, obtained for the
two types of EQCM experiments (i.e., for preliminarily deposited MnO> films and for bare
electrodes with MnO> formed during potential cycling in Mn** containing electrolyte), are
qualitatively similar. However, they also have some significant peculiarities, which may be
associated with different amount of MnO> on the electrode surface.

Approaching the critical pH values near electrode surface, necessary for deposition of ZHS,
is probably dependent on the total amount of MnO> on the electrode surface and it could be
kinetically limited by H' insertion for thicker film of manganese oxide.

An additional argument in favor of the importance of total amount of MnO, deposit are the
peculiarities of Am—E dependencies for preliminarily deposited MnO: films and for electrodes
with MnO: formed during potential cycling. In the case of deposition of small amount of MnO»
during the 1% and the 2" initial cycles (Fig. 8a), noticeable mass increase related to ZHS deposition
is not observed, probably due to insufficient increase of local pH coming from intercalation of
small amount of H' ions into MnQ,. Further systematic research of these peculiarities is needed to
make more detailed conclusions on the mechanism of charge storage in the Zn/MnQO> system.

Conclusion

In this study, MnO; films were electrodeposited on an Au-quartz crystal electrode and their
electrochemical properties were studied in 2 M ZnSO4 electrolyte and mixed 2 M ZnSO4 +0.1 M
MnSO4 electrolyte. Combined CV and EQCM analysis revealed that the repeated potential cycling
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of MnO» in ZnSOy4 leads to rapid deterioration of the electrode capacity in the few initial cycles
due to the Zn** insertion into subsurface structures and blocking of electroactivity of MnO; film
on an Au substrate. Reversible processes of mass changes due to intercalation of protons and
formation/dissolution of Zns(OH)sSO4-xH>O surface compounds were observed in 2 M ZnSO4 +
0.1 M MnSO4. Two steps of mass increase during the discharging process are assigned to the
intercalation of H* (1.4 V) and the precipitation of Zn**-containing insoluble byproduct. The
magnitude of apparent molar mass of species transferred in the range of potentials around the first
cathodic peak (at 1.4 V) is approximately proportional to the molecular mass of H3O" ions. This
peak at 1.4 V dominates since the contribution to capacity and therefore the storage mechanism is
mainly determined by proton intercalation. The analysis of the mass step at negative scan in the
range of potentials (1.3—1.0) V gives the value of apparent molar mass much higher than that of
Zn*" ions, supporting the hypothesis of additional Zns(OH)sSO4-xH2O precipitation/dissolution
reactions recently proposed in the literature. It is a consequence of gradual increase of the pH value
of the electrolyte in the vicinity of electrode surface at discharge, which is associated with H"
insertion process and the disproportion of unstable Mn** ions formed during the partial dissolution
from manganese oxide, as reported in [43]. During the charging process, the electrode loses part
of its mass, as seen from the sharp mass decrease at 1.6 V, indicating that ZHS surface deposits
dissolve and leave the electrode at the positive scan due to the local pH changes at
electrode/electrolyte interface.
These results show that the presented approach with in situ EQCM measurements is highly
useful for further understanding of the intercalation processes in metal oxide cathodes of zinc-ion
systems.
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